Photochemical radical initiation is a powerful tool for studying radical initiation and transport in biology. Ribonucleotide reductases (RNRs), which catalyze the conversion of nucleotides to deoxynucleotides in all organisms, are an exemplar of radical mediated transformations in biology. Class Ia RNRs are composed of two subunits: α2 and β2. As a method to initiate radical formation photochemically within β2, a single surface-exposed cysteine of the β2 subunit of Escherichia coli Class Ia RNR has been labeled (98%) with a photooxidant (Re tricarbonyl 1,10-phenanthrolinemethylpyridylrheniumI). The labeling was achieved by incubation of S355C-β2 with the 4-(bromomethyl) pyridyl derivative of [Re] to yield the labeled species, [Re]-S355C-β2. Steady-state and time-resolved emission experiments reveal that the metal-to-ligand charge transfer (MLCT) excited-state 3 Re is not significantly perturbed after bioconjugation and is available as a phototrigger of tyrosine radical at position 356 in the β2 subunit; transient absorption spectroscopy reveals that the radical lives for microseconds. The work described herein provides a platform for photochemical radical initiation and study of protoncoupled electron transfer (PCET) in the β2 subunit of RNR, from which radical initiation and transport for this enzyme originates.
proton-coupled electron transfer | radical generation | radical transport T he initiation and transport of many amino acid radicals occurs by proton-coupled electron transfer (PCET) (1) (2) (3) (4) . Accordingly, the importance of radicals in biological function (5) provides an imperative for the description of PCET in natural systems whose functions derive from radical-based chemistry (6) . The PCET activity of amino acid radicals originates from the dependence of the reduction potential on the pK a of the amino acid in its oxidized and reduced states as well as the intrinsic redox potentials of the amino acid in its protonated and deprotonated states, and its association with hydrogen bonded partners as has been shown in proteins (7, 8) , β-hairpin peptides with interstrand dipolar contacts (9, 10) , and other de novo designed protein maquettes (11) .
Ribonucleotide reductases (RNRs) are essential enzymes of all organisms (12) that demonstrate exquisite control of radical transport for their function (13) . RNRs catalyze the conversion of nucleoside diphosphates (NDPs) to deoxynucleoside diphosphates (dNDPs) and are therefore largely responsible for maintaining the cellular pool of monomeric DNA precursors. E. coli class Ia RNR consists of two homodimeric subunits, α2 and β2 (14, 15) . The α2 subunit contains the enzyme active site as well as two allosteric regulation sites, whereas β2 contains a diferric tyrosyl cofactor (•Y122), which is where the radical resides in the resting state of RNR. Nucleoside reduction requires formation of an α2∶β2 complex. Substrate turnover occurs by a radical mechanism mediated by an active site cysteine thiyl radical in α2 (•C439). A docking model (Fig. S1 ) based on crystal structures of the individual subunits suggests that C439 (α2) and Y122 (β2) are separated by over 35 Å (16), a distance supported by pulsed electron double resonance (PELDOR) studies (17) . A single-step electron tunneling mechanism at such a distance (predicted k ET ∼ 10 −4 -10 −9 s −1 for β ¼ 1.2 Å −1 ) is inconsistent with the observed rate of turnover (k ∼ 2-10 s −1 ) (13). To account for this disparity, a multistep mechanism has been proposed involving intermediate amino acid radicals comprising a highly conserved pathway between both subunits ( Fig. 1 ): Y122 ⇆ W48 ⇆ Y356 in β2 and Y731 ⇆ Y730 ⇆ C439 in α2.
To examine radical transport in RNR, we have created "photoRNRs" with an emphasis on the α2 subunit (photo-RNR-α2). A short peptide (Y-βC19) has been employed in place of full-length β2 (19) (20) (21) . This peptide contains the 20 C-terminal residues of β2, including both the binding determinant for β2 to α2 and a key tyrosine residue at the N terminus of the peptide. This tyrosine residue is in a position analogous to Y356 in β2, which facilitates radical transport at the α2∶β2 interface (22) . By appending a photooxidant (PO) to this peptide (PO-Y-βC19), the equivalent of •Y356 (•Y-βC19) can be photochemically generated. Equilibrium constant measurements have shown that PO-Y-βC19 is bound to α2 with a K D ¼ 9 μM (23). Photoinitiated substrate turnover can be observed for the PO-Y-βC19∶ α2 construct upon illumination (20, 21) . In these studies, the dynamics of bound βC19 are an essential factor to understand radical injection into α2 owing to peptide dissociation from α2 or conformational flexibility in the α2-βC19 system. Indeed, biexponential emission decay kinetics are observed for the bound peptide, consistent with multiple peptide conformations when bound to α2 (24) . Of these conformations, only a small subset is likely to be productive toward radical injection and subsequent nucleoside diphosphate reduction, limiting yield in single turnover experiments.
Direct covalent attachment of a PO to the β2 subunit can significantly advance the study of radical transport in RNRs. PhotoRNR-β2s would: (i) enhance binding between the site of radical generation, Y356, and the α2 subunit; (ii) permit PCET to be examined in the β2 subunit; (iii) provide a platform for the first photoinitiated measurement of PCET in the α2∶β2 holoenzyme; and in doing so (iv) minimize complications arising from conformational flexibility. We now describe the creation of photoRNR-β2s by developing POs bearing an electrophilic carbon capable of alkylating surface-accessible protein thiolates. The native β2 subunit has two solvent-accessible cysteine residues C268 and C305, both of which can be mutated to serine without loss of activity (23) . In the present report, we mutated these two residues to serine while also changing the serine at position 355 in the native protein to cysteine (S355C-β2). This permits a PO to be placed adjacent to Y356. A new PO, a rhenium(I) tricarbonyl phenanthroline complex (½Re-Br ¼ ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞ þ ), has been synthesized and characterized. By using the bromobenzyl derivative, the single surface cysteine variant of β2 can be labeled selectively to yield [Re]-S355C-β2. By using the flash-quench technique and transient absorption spectroscopy, we show that the production of •Y356 may be phototriggered in β2 and the radical is long lived, thus constituting a photoRNR-β2.
Results and Discussion
[Re]-Br Photooxidant. The selection of an appropriate photooxidant (PO) is essential to the construction of a photoRNR. The PO must (i) exhibit spectral separation from the protein envelope for its excitation, (ii) possess an excited-state lifetime and redox potential that are sufficient to enable amino acid oxidation, and (iii) be photostable. We have found that rhenium polypyridyl complexes, such as Re I ðNNÞðCOÞ 3 L (NN ¼ 1;10-phenanthroline (phen); 2,2′-bipyridine (bpy) or derivatives; L ¼ Cl, SCN, CN; or phosphine and pyridine derivatives) (25, 26) , are superior phototriggers of amino acid radicals, especially tyrosine. They absorb well outside the absorption envelope of the protein and they are strong photooxidants. For this study, the rhenium polypyridyl complex needs to be conjugated with the protein. To accomplish this, we prepared ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞPF 6 according to the reaction sequence,
The presence of the primary bromide on the pyridyl ring provides a site for facile bioconjugation of the complex to the protein. Details of the preparation of the PO are given in SI Text. Briefly, 4-pyridylcarbinol displaces the bound MeCN ligand of ½ReðphenÞðCOÞ 3 ðMeCNÞPF 6 to yield the alcohol ½ReðphenÞ ðCOÞ 3 ðPyCH 2 OHÞPF 6 , which is subsequently brominated with PBr 3 to yield the protein-reactive ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞ PF 6 . The initial reaction yields a mixture of bromide and hexafluorophosphate salts, which is otherwise highly pure and suitable for use in protein labeling experiments. Of note, the treatment of the initial bromination product with TlPF 6 allowed us to isolate the pure hexafluorophosphate salt. The final product was obtained in analytically pure form and 46% overall yield. The structure of ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞPF 6 was determined by X-ray crystallography (Fig. 2) . Details of the solution of the X-ray structure (Table S1 ) and associated structural metrics (Table S2) are presented in SI Text. The structural parameters are consistent with an approximately octahedral geometry about rhenium with an attenuated N-Re-N angle as is typical of a phenanthroline complex. Spectroscopic studies of ultraviolet-visible absorption and steady-state emission (Fig. 3) show the characteristic features of an electronic structure derived from metal-to-ligand charge transfer (27) .
S355C-β2 Labeling with [Re] Photooxidant. The choice of site, residue 355, for labeling β2 was guided by our previous work using PO-Y-βC19 peptides in place of β2. This peptide, representing the C terminus (355-375 of β2), contains the elements in large part responsible not only for subunit interactions but also activity; Y356 mediates radical transport between α2 and β2 (28, 29) . The S355 residue was thus targeted as the site of labeling because it is directly adjacent to Y356 and it occupies a position analogous to that of the photooxidant in PO-Y-βC19, a site that has been shown to allow •Y356 generation, radical injection into α2, and subsequent substrate turnover (19) (20) (21) .
To attach the PO to a single site, a β2 needed to be prepared with a single, surface-accessible cysteine at residue 355 (S355C-β2). Previous studies had shown that wt-β2 contained two such cysteines, C268 and C305, and that their mutation to serine gave C268S,C305S-β2 (23) with activity identical to wt-β2. For rapid affinity purification, all β2 constructs were constructed with an N-terminal ðHisÞ 6 tag. Site-directed mutagenesis was performed with ðHisÞ 6 -C268S,C305S-β2 to give ðHisÞ 6 -C268S,C305S,S355C-β2. The protein was expressed in media containing 1,10-phenan- Fig. 1 . Key amino acids along a putative radical transport pathway in class Ia RNR. The pathway is ascertained from docking models of the α2 (gold) and β2 (blue) subunits. Substrate turnover requires charge transfer across α2 and β2 subunits over a distance of 35 Å. Radical hopping via the indicated redox-active amino acids is proposed to account for the observed rate of turnover. Distances are known for proposed hopping steps within individual subunits; distances involving Y356 have not been determined. Graphics were generated from Protein Data Bank entries 1RLR (α2) (16) and 1RIB (β2) (18) . Table S2 . throline, a chelating agent, in order to express ðHisÞ 6 -C268S, C305S,S355C-β2 in the absence of Fe II to directly obtain apo-S355C-β2 in large amounts. An alternative protocol, where expression occurs in the presence of Fe II , requires a denaturing chelation step prior to cofactor reconstitution that is not conducive to large scale isolation (30) . Final purification resulted in homogenous apo-S355C-β2 in a yield of 39 mg∕g of cell paste. Reconstitution of the diferric tyrosyl cofactor by established methods (23) gave protein with 0.96 tyrosyl radicals/β2, demonstrating that the mutation does not disrupt cofactor assembly. Experimental details for expression and reconstitution of S355C-β2 are given in SI Text.
Prior to labeling with photooxidant, the concentration of solvent-accessible thiolate groups of S355C-β2, taken to indicate the number of surface-exposed cysteine residues, was established by reaction with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB). As expected, the results of the assay revealed 2.0 reactive thiols per β2. Sequential incubation of S355C-β2 with dithiothreitol (DTT) and [Re]-Br at pH 8 for 2 h resulted in covalent labeling of C355 via the methylene linker of the pyridyl ligand (i.e., Re I ðphenÞðCOÞ 3 ðPyCH 2 −Þ). Complete labeling was confirmed by a second DTNB assay, which indicated less than 500 nM free thiolate, consistent with labeling of >98% of solution-accessible cysteine residues. Labeling was further confirmed by ESI-MS (Fig. S2) ; the ESI-MS (Fig. S2) shows peaks corresponding only to labeled species.
Time-Resolved Spectroscopy of Radical Initiation. Electronic absorption and emission spectra (Fig. 3) Nanosecond time scale transient absorption (TA) and timeresolved emission experiments were performed on [Re]-S355C-β2 to probe the effect of labeling on the spectroscopic properties of the 3 ½Re Ã excited state. TA spectra (Fig. S3) show two growth features at 300 and 450 nm; these growths are due to MLCT excited-state absorptions (31) . Time-resolved emission data (Fig. S3) reveal an excited-state lifetime of 311 ns, in agreement with the excited-state lifetime derived from transient absorption kinetics measured at 450 nm, which reveal a lifetime of 328 ns. In comparison, time-resolved spectroscopic data for a small molecule analogue ½ReðphenÞðCOÞ 3 ðPyCH 3 ÞPF 6 (Fig. S4) (32) , precludes any rapid back reaction and lacks significant absorption features in the spectral region of interest. As summarized in Fig. 4 , the sequence of events is: (i) Laser excitation generates ½Re I Ã excited state, which is (ii) rapidly oxidized to the ½Re II ground state; (iii) the ½Re II ground state oxidizes the adjacent tyrosine residue, Y356, to yield •Y356. Presuming that Y356 is largely solvated and therefore that the pK a of Y356 and protonation state at pH 8.0 are not largely perturbed from the aqueous value of 10, under the experimental conditions, tyrosine oxidation necessarily occurs by a PCET mechanism, as Y356 is largely protonated at pH 8.0.
In the presence of Ru III ðNH 3 Þ 6 Cl 3 (500 eq:∕Re-β2), transient absorption features due to the 3 ½Re Ã MLCT are significantly quenched upon laser excitation. After 1 μs, the only apparent features in the transient absorption spectrum are due to tyrosyl radical, •Y356 (Fig. 5) . In order to maximize signal-to-noise, a total of 1,250 averages (5,000 component spectra) were collected on each of two independent samples and averaged to give a total of 2,500 averages. The transient radical vanishes with biexponential kinetics and exhibits lifetimes of 8.1 AE 1.1 and 2.0 AE 0.8 μs, with the longer component having approximately twice the amplitude of the shorter component (Fig. 5) . The data presented are an average of 5,000 kinetic traces taken on a single sample and averaged.
The presence of high concentrations of Ru III ðNH 3 Þ 6 Cl 3 results in shortened apparent lifetimes; the intrinsic chemical lifetime of this species is likely to be significantly longer than that observed here. Therefore, the given lifetimes are valid only for the specific conditions given. In view of previously reported lifetimes of tyrosine radicals (77 μs) that are photoinitiated by direct irradiation (33), the observed lifetimes reported here are short. But the experiment reported here produces •Y in a more complex environment. Ru II is generated stoichiometrically with the flashquench reaction between Ru III ðNH 3 Þ 6 Cl 3 and 3 ½Re Ã excited The observed multiexponential decay kinetics for •Y356 may indicate distinct conformations of the flexible C-terminal tail of Re-β2. In previous work, we have observed multiple peptide conformations for Re-Y-βC19 bound to the α2 subunit, (24) resulting in biexponential [Re] emission kinetics, where the PO can be closely associated with the subunit or may be largely exposed to solution. Similar dynamics of the C-terminal tail in the intact β2 subunit may result in the observed multiexponential kinetics for Re-β2.
Conclusions ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞPF 6 , a photooxidant bearing an electrophilic group for the selective alkylation of solution-accessible cysteine residues on proteins, has been synthesized and characterized. Its steady-state emission and electronic absorption spectra are consistent with an emissive excited state competent for photochemical tyrosine oxidation. ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞ PF 6 has been shown to selectively and effectively alkylate surface-exposed residues on the ribonucleotide reductase mutant holo-S355C-β2 to yield a complex [Re]-S355C-β2, as confirmed by mass spectrometry. Both steady-state and time-resolved spectroscopic properties for [Re]-S355C-β2 are consistent with those reported for related compounds, indicating that the excited-state properties of [Re] are not significantly perturbed by conjugation to β2.
The successful labeling of S355C-β2 leads to the creation of a photoRNR-β2. Nanosecond flash photolysis, employing the flash-quench technique, affords •Y356, which was spectroscopically observed. The photoRNR-β2 construct is a powerful tool for the examination of PCET. Future studies will use the photo-RNR-β2 to trigger radical initiation and transport in RNR. Moreover, the generation of •Y356 in an intact α2∶β2 construct provides a platform for time-resolved photochemical study of PCET in RNR. The expected enhancements in binding and minimization of detrimental conformational dynamics due to the use of an intact β2 subunit in addition to increased fidelity to the natural system will be a great asset to these studies, which are currently underway.
Experimental Methods C355 Surface Accessibility Assay. The solution accessibility of S355C-β2 thiolates was assessed by reaction with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB). Immediately prior to assay, S355C-β2 was pooled with dithiothreitol (DTT) (20 mM, 30 min). Excess DTT was then removed using a Sephadex G-25 column (15 mL) equilibrated in 50 mM N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES), 1 mM EDTA, pH 8.0. The pooled S355C-β2 (10 μM) was incubated with DTNB (50 μM total concentration in the assay buffer) and the reaction was monitored by UV-vis spectroscopy (2-min intervals, 10 min total). The concentration of free 5-thio-2-nitrobenzoic acid (TNB) was calculated (ε 410;TNB ¼ 13;600 M −1 cm −1 ) and corrected for background DTNB reaction by comparison with a sample prepared under identical conditions in the absence of protein. The assay was repeated in triplicate. The concentration of reactive thiolate groups was found to be 19.8 μM (1.98 per holo-S355C-β2), as expected.
Labeling of S355C-β2 with ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞ þ . For labeling with [Re]-Br, holo-S355C-β2 (1 mL, 211 μM) was treated with 10 mM DTT for 30 min to reduce disulfide bonds and excess DTT was removed using Sephadex G-25 column (15 mL). Labeling was performed immediately after the reduction reaction and accomplished by incubating S355C-β2 with 5 equiv of ½ReðphenÞ ðCOÞ 3 ðPyCH 2 BrÞPF 6 from a concentrated stock (50 mM in DMF) and gently shaking for 2 h at room temperature. Rhenium labeled protein ([Re]-S355C-β2) was isolated from remaining ½ReðphenÞðCOÞ 3 ðPyCH 2 BrÞPF 6 and DMF using another Sephadex G-25 column (15 mL). The resulting product ([Re]-S355C-β2) was subsequently concentrated to 130 μM as determined by a Bradford assay and labeling verified by ESI-MS. Wild-type β2 was used as a standard for the Bradford assay. UV-vis absorption and steady-state emission spectra were also recorded for this construct. For experiments using the reduced (met) form of [Re]-S355C-β2, reduction of the radical was performed prior to labeling by incubating with 30 mM hydroxyurea for 30 min, desalting on a Sephadex G-25 column, and labeling performed as described above.
Time-Resolved Methods. Nanosecond time-resolved emission and transient absorption (TA) experiments were performed using a previously reported system (35) with a number of significant modifications. A description of the nanosecond flash laser apparatus is provided in SI Text. For all protein experiments, 750-μL samples were recirculated to address sample decomposition. For small molecule experiments, samples were flowed irreversibly. Samples were held in a quartz flow-cell (585.3-Q-10∕Z15, Starna) with a 1-cm path length and 3-mm diameter windows; the total sample bore was 70 μL. Fresh samples were used for all experiments as indicated. When observing the unquenched excited state of Re-β2, spectra reported are an average of 1,250 four-spectrum sequences, transient absorption kinetics are an average of 5,000 sweeps, and emission kinetics are an average of 1,000 sweeps. For experiments using the flash-quench technique to observe tyrosyl radical, the reported spectrum is an average of 2,500 four-spectrum sequences; the reported single wavelength kinetics are an average of two 5,000 sweep series (10,000 sweeps total), each of which was taken on fresh sample. The transient absorption spectrum shown has been smoothed using a low pass filter to remove high-frequency noise components due to instrumentation; the cutoff frequency was selected on the basis of a fast Fourier transform. The reported errors are the standard error of the fit, as obtained from least-squares analysis. Additionally, an inline syringe filter (0.2 μm Acrodisc, Supor membrane, 13 mm, Pall Corporation) was used for all flash-quench experiments to collect precipitate resulting from flash-quench by products. For small molecule experiments, spectra reported are an average of 2,500 four-spectrum sequences.
All experiments were conducted in buffer containing 50 mM HEPES and 1 mM EDTA at pH 8.0. Experiments in the absence of oxidative quencher were done using 10 μM [Re]-S355C-β2 (Fig. S3) . Flash-quench experiments were performed in the presence of 500 eq. Ru III ðNH 3 Þ 6 Cl 3 per [Re]-S355C-β2. The reported spectrum of tyrosyl radical was collected 1 μs after excitation of a sample containing 65 μM met-[Re]-S355C-β2 and 32.5 mM Ru III ðNH 3 Þ 6 Cl 3 in buffer (Fig. 5, top) ; single wavelength kinetics were recorded using two samples of 50 μM met-[Re]-S355C-β2 and 25 mM in buffer (Fig. 5, bottom) .
